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bstract

This study investigates the evaluation of specific electrical energy consumption (SEEC) and the influence of operating parameters on the color
emoval efficiency of a dye solution containing C.I. Acid Yellow 23 by electrocoagulation process. Firstly, the operational parameters including
urrent density, initial dye concentration, initial pH and time of electrolysis were optimized. Then the effects of the conductivity, the interelectrode
istance and the area of cross-section of the electrodes on specific electrical energy consumption (SEEC) were studied under the optimum conditions.
ur results indicated that for a solution of 50 mg/l C.I. Acid Yellow 23, almost 98% color and 69% chemical oxygen demand (COD) were removed,

hen the pH was about 6, the time of electrolysis was 5 min and the current density was approximately 112.5 A/m2. In addition, the results of
ur study revealed that when the conductivity and area of cross-section of the electrodes increased and interelectrode distance decreased, the cell
oltage and specific electrical energy consumption would be decreased.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Wastewaters generated by textile industries are known to con-
ain considerable amounts of toxic aromatic dyes, especially azo
yes. It is well known that some azo dyes, and their degradation
roducts such as aromatic amines are highly carcinogenic. The
olored wastewater released into the ecosystem is a dramatic
ource of esthetic pollution and perturbation in the aquatic life.
onventional methods for dealing with textile wastewater con-

ist of various combinations of biological, physical and chemical
ethods [1]. In recent years, investigations have been focused on

he treatment of wastewaters using electrocoagulation (EC). The

lectrocoagulation has successfully been used for the treatment
f wastewaters such as electroplating wastewater [2], laundry
astewater [3], latex particles [4], restaurant wastewater [5] and
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.I. Acid Yellow 23

laughterhouse wastewater [6]. Meanwhile, EC process has been
idely used in the removal of arsenic [7], phosphate [8], sulfide,

ulfate and sulfite [9], boron [10], fluoride [11], nitrate [12] and
hromate [13].

Treatments of wastewaters containing textile dyes have been
tudied by electrocoagulation method. The results of these stud-
es show that COD, color, turbidity and dissolved solids at
arying operating conditions are considerably removed [14–22].
n addition, it is clear that a technically efficient process must
lso be economically feasible with regard to its initial capital and
perating costs, and practically applicable to the environmental
roblems. The economic aspect of the electrocoagulation (EC)
rocess is not investigated well by the researches except a few
f them [16]. Electrical energy consumption is a very important
conomical parameter in EC process like all other electrolytic
rocesses.

In this study the operational parameters such as the current

ensity (CD), time of electrolysis, pH and initial dye concentra-
ion were optimized. Under the optimum conditions the effect
f three operational parameters (conductivity (γ), interelectrode
istance (d) and surface area (A)) on specific electrical energy
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Table 1
Structure and characteristics of C.I. Acid Yellow 23

Dye C.I. Acid Yellow 23

Structural

λmax (nm) 425
Chemical class Monoazo
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.I. number 19,140

w (g mol−1) 534.4

onsumption was evaluated. C.I. Acid Yellow 23 (AY23) is sol-
ble in water and belongs to acidic dyes group. C.I. Acid Yellow
3 is an azo dye present in thousands of textile (as a dye for wool
nd silk), foodstuff and pharmaceutical wastewaters. The chem-
cal structure and other characteristics of this dye are shown in
able 1.

. A brief description of EC

Electrocoagulation involves the generation of coagulants in
itu by dissolving electrically either aluminum or iron ions in
luminum or iron electrodes, respectively. The metal ions gen-
ration takes place at the anode and the hydrogen gas is released
rom the cathode. The hydrogen gas would also help float the
occulated particles out of water. When a potential is applied
rom an external power source, the anode material undergoes
xidation, while the cathode will be subjected to reduction or
eductive deposition of elemental metals. The electrochemical
eactions with metal M as anode may be summarized as follows
18,23]:

At the anode:

M(s) → M(aq)
n+ + ne− (1)

2H2O(l) → 4H(aq)
+ + O2(g) + 4e− (2)

At the cathode:

M(aq)
n+ + ne− → M(s) (3)

2H2O(l) + 2e− → H2(g) + 2OH(aq)
− (4)

If iron or aluminum electrodes are used, the generated
e(aq)

3+ or Al(aq)
3+ ions will immediately undergo further

pontaneous reactions to produce corresponding hydroxides
nd/or polyhydroxides. For example, Al3+ ions on hydrolysis
ay generate Al(H2O)6

3+, Al(H2O)5OH2+, Al(H2O)4(OH)2+

nd the hydrolysis products may form many monomeric and

olymeric species such as, Al(OH)2+, Al2(OH)2

4+, Al(OH)4
−,

l6(OH)15
3+, Al7(OH)17

4+, Al8(OH)20
4+, Al13O4(OH)24

7+,
ll3(OH)34

5+ in a wide pH range. Similarly, ferric ions gen-
rated by electrochemical oxidation of iron electrode may

a
o
b
m
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orm monomeric ions, Fe(OH)3 and hydroxyl complexes,
amely: Fe(H2O)6

3+, Fe(H2O)5(OH)2+, Fe(H2O)4(OH)2
+,

e2(H2O)8(OH)2
4+ and Fe2(H2O)6(OH)4

4+. Formation of these
omplexes depends strongly on solution pH [25]. Above pH > 9
l(OH)4

− and Fe(OH)4
− are the dominant species. These

ydroxides/polyhydroxides/polyhydroxy metallic compounds
ave strong affinity with dispersed/dissolved as well as the
ounter ions to cause coagulation/adsorption.

The gases evolved at the electrodes may impinge on and cause
otation of the coagulated materials [17]. Electrocoagulation of
astewater using iron electrodes takes place according to the

ollowing reactions: the following two mechanisms are involved
or the production of Fe(OH)m, where m = 2 or 3 [24].

Mechanism 1
◦ Anodic reactions:

Fe(s) → Fe2+
(aq) + 2e− (5)

Fe2+
(aq) + 2OH−

(aq) → Fe(OH)2(s) (6)

◦ Cathodic reaction:

2H2O(l) + 2e− → 2OH−
(aq) + H2(g) (7)

◦ Overall reaction:

Fe(s) + 2H2O(l) → Fe(OH)2(s) + H2(g) (8)

Mechanism 2
◦ Anodic reactions:

4Fe(s) → 4Fe2+
(aq) + 8e− (9)

4Fe2+
(aq) + 10H2O(l) + O2(g) → 4Fe(OH)3(s) + 8H+

(aq)

(10)

◦ Cathodic reaction:

8H+
(aq) → 8e− → 4H2(g) (11)

◦ Overall reaction:

4Fe(s) + 10H2O(l) + O2(g) → 4Fe(OH)3(s) + 4H2(g) (12)

. Materials and methods

The dye used in this project was purchased from Aldrich
Switzerland). Dye solution was prepared by dissolving dye in
istilled water. The experimental set-up is shown in Fig. 1.

The conductivity of solutions was raised up and adjusted
o different values by adding NaCl (Fluka, Switzerland). The
onductivity measurement was carried out using a Philips con-
uctivity meter (PW 9509, England). The pH of the solutions
as measured by pH meter (Metrohm 654, Switzerland) and

djusted by adding NaOH or H2SO4 (Merck, Germany) solu-
ions. Iron (ST 37-2) and aluminum plates were used as anode,

nd steel (grade 304) plates were used as cathode. Dimensions
f electrodes were 40 mm × 50 mm × 1 mm and the distance
etween two electrodes in EC cell was 15 mm in all experi-
ents. The electrodes were connected to a DC power supply
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ig. 1. An apparatus electrocoagulation cell: (1) digital DC power; (2) magnetic
ar–stirrer; (3) anode; (4) cathode.

ADAK PS808, Iran) with galvanostatic operational options for
ontrolling the current density. The current density (CD) was
alculated through the equation as follows:

D = I(A)

2Selectrode(m2)
(13)

here I is the current (A) and S is surface area of the electrode
m2).

All the runs were performed at room temperature and stirring
peed was 200 rpm. In each run, 250 ml of dye solution was
laced into the electrolytic cell. The operation started when the
urrent density was adjusted to a desired value. At the end of
C, the solution was filtered through 0.2 �m membrane filter

Schliecher & Schuell, Germany).
The reminiscent dye concentration was determined from its

bsorbent characteristics in the UV–Vis range (200–800 nm)
ith the calibration method using Beer–Lambert’s law. A WPA

ightwave (S 2000, England) spectrophotometer connected to
PC was implemented. The calculation of color removal effi-

iency (CR%) after electrocoagulation treatment was performed
sing this formula:

R(%) = C0 − C

C0
× 100 (14)

here C0 and C are concentrations of dye before and after
lectrocoagulation in mg/l, respectively. The chemical oxygen
emand (COD) of dye solutions was measured based on the stan-
ard methods for examining water and wastewater (Ampoule
ethod) [26].

. Results and discussion

.1. The effect of current density on the color removal
fficiency
To investigate the effect of current density on the color
emoval efficiency, electrocoagulation process was carried out
sing various current densities by iron anode. Fig. 2 shows

4

[

ig. 2. Effect of current density on the color removal efficiency: C0 = 50 mg/l;

Ec = 5 min; pH = 5.35; γ = 16.5 mS/cm; stirring speed = 200 rpm.

he color removal efficiency against current density applied
o the iron electrodes in the EC process. The color removal
fficiency increased to 98.60% at 125 A/m2 from 20.66% at
5 A/m2. According to Faraday’s law (Eq. (15)), when current
ensity increases, the amount of ion produced on the electrodes
ncreases. Therefore, there is an increase in floc production and
ence an improvement in the color removal efficiency [18].
n other words, higher current density will generate significant
mount of flocs, which in turn will trap the dye molecules and
nhance the color removal efficiency.

M = MItEC

nF
(15)

here �M is the amount of iron dissolution (g); M the molecular
eight of the iron (g/mol); n the number of electron moles; F is

he Faraday constant (F = 96,487 C/mol). For a solution with a
ye concentration of 50 mg/l, the optimum current density was
12.5 A/m2.

.2. The effect of initial dye concentration on the color
emoval efficiency

The dye solution with different initial dye concentrations
n the range of 20–200 mg/l was treated by EC in the opti-

ized current density. The color removal efficiency was plotted
gainst initial dye concentration at the electrocoagulation of
min (Fig. 3). As the results indicated, the color removal effi-
iency decreased with an increase in dye concentration. The
resumed reason is deducible from Faraday’s law (Eq. (15)).
ccording to Faraday’s law, constant amount of Fe2+ passed

o the solution at the same current density and time for all dye
oncentrations. Consequently, the same amount of flocs would
e produced in the solutions. As a result, the flocs produced at
igh dye concentration were insufficient to adsorb all of the dye
olecules of the solution.
.3. The effect of initial pH on the color removal efficiency

The EC process is highly dependent on the pH of the solution
24]. To examine its effect, the dye solutions were adjusted to
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ig. 3. Effect of initial concentration on the color removal efficiency: EC using
ron electrodes, CD = 112.5 A/m2; tEc = 5 min; pH = 5.35; γ = 16.5 mS/cm; stir-
ing speed = 200 rpm.

he desired pH for each experiment by adding sodium hydroxide
r sulfuric acid solution. The color removal efficiency, as a
unction of pH, is shown in Fig. 4. It can be seen that the
nitial pH has a significant effect on the color removal effi-
iency especially at low pH. Close examination of the color
emoval efficiency versus pH clearly indicated that the color
emoval efficiency increased with pH and it remained unchanged
etween pH 5 and 9 and then on further increase of pH, the color
emoval efficiency decreased. Therefore, it can be concluded
hat at pH between 5 and 9, the majority of iron complexes
coagulants) are formed and it is the optimum pH for carry-
ng out the electrocoagulation. There was minimum removal
fficiency at the pH < 2. Since hydroxide ions, which were gen-
rated at the cathode, were neutralized by H+ ions, sufficient
mount of iron hydroxide complexes were not formed at this
H. At the pH > 9, color removal efficiency decreased as much
s about 9%, because above this pH Fe(OH)4

− is the dominant
pecies. Fe(OH)4

− is a dissolving species and it is unable to form
ocs [10].

Since the initial pH value of C.I. Acid Yellow 23 solution was
round 6, there is no need for the addition of chemicals to change
he initial pH values. Generally, the medium pH changes during

he process is also observed by other investigators [17,22]. This
hange depends on the type of electrode material and on the
nitial pH.

ig. 4. . Effect of initial pH on the color removal efficiency: EC using iron
lectrodes, CD = 112.5 A/m2; tEc = 5 min; C0 = 50 mg/l; γ = 16.5 mS/cm; stirring
peed = 200 rpm.
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ig. 5. Effect of electrode materials on the color removal efficiency:

0 = 50 mg/l; tEc = 5 min; pH = 5.35; γ = 16.5 mS/cm; stirring speed = 200 rpm.

.4. The effect of electrode materials on the color removal
fficiency

In any electrochemical process, electrode material has signif-
cant effect on the treatment efficiency. Therefore, appropriate
election of the electrode material is important. The electrode
aterial for treatment of water and wastewater should also be

on-toxic to human health and environment. Iron and aluminum
ere chosen as electrode material because these are non-toxic

nd easily available. To investigate the effect of electrode mate-
ials on the color removal efficiency, electrocoagulation process
as carried out using iron and aluminum electrodes. Fig. 5 shows

he color removal efficiency against current density applied to
he electrodes in the EC process. As it is seen, iron electrode
as more effective than aluminum electrode and as a result
f increasing current density 16 times only about 11% addi-
ional color removal efficiency was achieved with aluminum
lectrodes. The plausible reason for lower color removal effi-
iency by aluminum in comparison with iron could be explained
onsidering the insufficient ability of hydrous aluminum oxide
o adsorb Acid Yellow 23 molecules. Also some investigators
ave reported that the adsorption capacity of hydrous aluminum
xide for dye molecules is much lower than that of the hydrous
erric oxide [7].

.5. The effect of time of electrolysis on the color removal
fficiency

During electrolysis, the positive electrode undergoes anodic
eactions while cathodic reactions occur on the negative elec-
rode. The released ions neutralize the particle charges and
hereby initiate coagulation. The color removal efficiency
epends directly on the concentration of ions produced by the
lectrodes. When the electrolysis period increases, the concen-
ration of ions and their hydroxide flocs increases. Accordingly,
s shown in Fig. 6, an increase in the time of electrolysis from
to 6 min yields an increase in the color removal efficiency
rom 15.53% to 98.98%. For a solution having a dye concen-
ration of 50 mg/l and a treatment unit with current density of
pproximately 112.5 A/m2, the optimum time for electrolysis
as 5 min.
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cross-section of the electrodes increases, IR-drop decreases, and
thus the cell voltage and the electrical energy consumed are
decreased.
ig. 6. Effect of electrolysis time on the color removal efficiency: EC using iron
lectrodes, CD = 112.5 A/m2; C0 = 50 mg/l; pH = 5.35; γ = 16.5 mS/cm; stirring
peed = 200 rpm.

.6. The evaluation of specific electrical energy
onsumption (SEEC)

The current efficiency (ϕ) of EC process was calculated by
q. (16). This calculation was based on the comparison of
xperimental weight loss of iron electrodes (�Mexp) during EC
rocess with theoretical amount of iron dissolution (�Mtheo) in
ine with the Faraday’s law (Eq. (15)) [25]:

= �Mexp

�Mtheo
× 100 (16)

As Fe(OH)2(s) is supposed to be the species formed at EC
rocess by iron electrodes, the number of electron moles in dis-
olution reaction is equal to 2 (Eq. (5)). The specific electrical
nergy consumption (SEEC) was calculated as a function of iron
lectrodes weight consumption during EC in kWh/kg Fe using
he following equation:

EEC = nFU

3.6 × 103Mϕ
(17)

It is well known that the overpotential caused by solution
esistance (IR-drop) has a significant effect on cell voltages (U)
hat depends on the distance (d in cm) between the electrodes,
urface area (A in m2) of the cathode and specific conductivity
f the solution (γ in mS/m) and the current (I in A) [25].

.6.1. The effect of conductivity on color removal efficiency
nd SEEC

To evaluate the effect of conductivity on color removal effi-
iency and specific electrical energy consumption, a number
f experiments were performed. The conductivity of the solu-
ion was adjusted to the desired levels by adding an appropriate
mount of NaCl to the dye solutions. Fig. 7 shows the effect
f dye solution conductivity on the performance of the EC pro-
ess. As it is seen, the color removal efficiency remains almost
nchanged in the conductivity range of 2–26 mS/cm, whereas
ith the conductivity increasing, the specific electrical energy
onsumption (SEEC) was considerably (almost 68%) reduced.
t is clear that the cell voltage decreased with an increase in the
onductivity at constant current density. When the conductiv-
ty of solution increases, IR-drop decreases, so the necessary

F
S
p

ig. 7. Effect of solution conductivity on the color removal efficiency and SEEC:
C using iron electrodes, CD = 112.5 A/m2; C0 = 50 mg/l; tEc = 5 min; pH = 5.35;
tirring speed = 200 rpm.

oltage to reach on optimum current density will be diminished,
nd consequently the consumed electrical energy is decreased.

.6.2. The effect of interelectrode distance on color removal
fficiency and SEEC

The effect of interelectrode distance on the removal efficiency
nd SEEC was examined at 0.5–3 cm. The effect of interelec-
rode distance on the color removal efficiency is shown in Fig. 8.

hen the interelectrode distance increases, the color removal
fficiency increases slightly. Our results also showed that SEEC
ncreased with an increase in the interelectrode distance (Fig. 8).
he reason of this observation is thought to be the fact that when

nterelectrode distance increases, the ions produced would move
ore slowly, so IR-drop would increase. Hence, the voltage and
EEC for obtaining the optimum current density would increase.

.6.3. The effect of area of cross-section of the electrodes
n color removal efficiency and SEEC

The effect of area of cross-section of the electrodes on the
emoval efficiency and SEEC was evaluated at 5–30 cm2. Our
esults showed that SEEC decreased by increasing the area of
ross-section of the electrodes, whereas the color removal effi-
iency remained almost unchanged (Fig. 9). When the area
ig. 8. Effect of interelectrode distance on the color removal efficiency and
EEC: EC using iron electrodes, CD = 112.5 A/m2; C0 = 50 mg/l; tEc = 5 min;
H = 5.35; γ = 16.5 mS/cm; stirring speed = 200 rpm.
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Fig. 9. Effect of area of cross-section of the electrodes on the color removal
efficiency and SEEC: CD = 112.5 A/m2; C0 = 50 mg/l; tEc = 5 min; pH = 5.35;
γ = 16.5 mS/cm; stirring speed = 200 rpm.
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[

[17] M. Kobya, O.T. Can, M. Bayramoglu, Treatment of textile wastewaters by
ig. 10. Absorbance spectra of dye solutions containing C.I. Acid Yellow 23
efore and after EC in the optimized conditions.

.7. COD and absorbance spectra reduction of the dye
olution

The COD of the dye solution was measured according to the
tandard methods for the examination of water and wastewater
26], and consequently decolorized in the optimized condition
y iron electrodes: (CD = 112.5 A/m2, C0 = 50 mg/l, tEc = 5 min,
H = 5.35, γ = 16.5 mS/cm and stirring speed = 200 rpm) and for
ye solution containing C.I. Acid Yellow 23, the COD of the
reated solution was measured again. The COD was reduced

ore than 69% (CODi = 123 mg/l O2). Fig. 10 illustrates the
dsorption spectra for dye solution before and after EC process
sing optimized experimental values. It can be seen that EC pro-
ess in the optimized conditions caused almost complete color
emoval from the dye solution.

. Conclusion

Electrocoagulation is one of the most effective techniques
o remove color and organic pollutants from wastewater. The
ecolorization of dye solution, C.I. Acid Yellow 23, by elec-
rocoagulation was affected by the current density (CD), time
f electrolysis, initial pH, initial dye concentration and elec-

rode material. Our results showed that the current density was
he most effective parameter. In this work, it was shown that
he electrocoagulation treatment results in effective and fast
emoval of C.I. Acid Yellow 23. For a solution with dye concen-

[

us Materials 148 (2007) 566–572 571

ration of 50 mg/l, color and COD elimination of 99% and 69%,
espectively, when the pH was about 6, time of electrolysis was
min and current density was approximately 112.5 A/m2. Mean-
hile, our experimental results showed that the cell voltage and
EEC for achieving the optimum current density increased with
n increase in the interelectrode distance and a decrease in the
onductivity and the area of cross-section of the electrodes.
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